Introduction
Continental scale hydrological modeling has been limited by the lack of ground observations that are needed as input. Ground observations suffer from two drawbacks. Firstly, ground observation networks are expensive to maintain for extended periods of time. Secondly, ground observations are point observations and thereby do not capture the spatial variability over large regions. Satellite data overcome these two drawbacks. Most of the satellite sensors are in orbit for multiple years and have 2-4 times of day repeat observations of the land surface. This paper carries out direct comparisons of satellite and ground-based observations of land surface variables of surface temperature, air temperature, and vapor pressure.
This study follows along the lines of previous studies [Sugita and Brutsaert, 1993; Kalluri and Dubayah, 1995] which compared a few days of satellite-estimated skin temperatures with field observations. In our study, we focus on a longer time period of comparisons (than those mentioned above) to achieve a confidence in our statistical characterization of the differences between TOVS-retrieved data and ground observations. Surface skin temperature comparisons is emphasized in this paper. In recent years, there have been several field campaigns that have provided us with improved data sets for these comparisons. The satellite data used in this study is from the TOVS Pathfinder Path A data set [Susskind et al., 1997] . This data set (TOVS Pathfinder Path A) has been produced using a consistent algorithm and validated extensively [Suss- 
Field Observations
This section describes three measurement campaigns that have collected high spatial and temporal resolution data which are compared with corresponding satellite-retrieved variables.
FIFE. The First ISLSCP (International Satellite Land Surface Climatology Project) Field Experiment (FIFE)
was conducted near Manhattan, Kansas, between 1987 and 1989. One of the objectives of this campaign was to understand the relationship between the satellite-measured values of land surface variables and the ground observations [Sellers and Hall, 1992] .
The FIFE study area was 15 km x 15 km, predominantly covered by tall grass prairie and surrounded by grassland and agriculture. The surface skin temperature was measured by nadir-looking infrared thermometers (IRT), while the air temperature and the surface relative humidity were measured by dry and wet bulb thermometers. These instruments were located in automated meteorological stations (AMS). The experiment itself was conducted as a series of intensive field campaigns for shorter periods of time in the summer and fall of 1987 and 1989. In these periods, half hourly heat flux, surface and air temperature and humidity measurements, detailed observations of the boundary layer using radiosondes, and daily soil moisture measurements were carried out at 30 sites. The automated meteorological stations collected data continuously every half hour between May 30, 1987 and November 10, 1989. This provides nearly a 2.5 year data set that was used in this study. The site-averaged data [Betts and Ball, 1998 ] have been used in this paper. The IRTs were located in fenced enclosures with no grazing. Therefore the IRT recorded surface temperature is cooler than bare soil (due to transpiration by grass) and has a diurnal and seasonal range that is modulated by the vegetation.
2.2.2. HAPEX-Sahel. The Hydrologic Atmospheric Pilot Experiment in Sahel (HAPEX-Sahel) was conducted in western Niger, West Africa, over a 3-4 year period with an 8 week intensive observation period (IOP) from August 25 to October 1, 1992. The area was a 1 ø x 1 ø region (-110 km x 110 km) extending from 2 ø to 3øE and 13 ø to 14øN. The measurements were carried out with a temporal frequency of 1 hour for surface air temperature and relative humidity and a 10 min frequency for surface skin temperature during the 8 week IOP. The landscape consisted of various landcover types: tiger bush, millet, and fallow areas. The main purpose of the campaign was to obtain a better understanding of the changes in the atmospheric circulation due to changes in the land surface conditions in the Sahel from year to year [Prince et al., 1995; Goutorbe et al., 1994] . The most important feature of this campaign was its larger area (110 km x 110 km) compared to FIFE (15 km x 15 km). This allows for the field data to be interpreted in the context of output from general circulation models (GCMs) as well as providing a better match with data retrieved from satellite sensors.
The data collection was organized spatially into three supersites: the eastern central, western central, and southern. The values of hourly surface air temperature and relative humidity for 1992 were used in this study measured by using dry bulb and wet bulb thermometers, hygrometers, respectively, at the climate stations. The surface skin temperature data for the intensive observation period comes from many sources: the Institute of Hydrology infrared thermometer data for the fallow, millet, and tiger bush regions (central west and southern supersite); the data over millet soil in the central east supersite; data over the millet and grassland region; data over the herbacious grass-sparse layer, and the data from the climate station (which also collected air temperature and relative humidity data).
2.2.3. BOREAS. The Boreal Ecosystem-Atmosphere Study (BOREAS) was carried out over a 1000 km x 1000 km study region in Canada. The two major study areas in this campaign were placed at the northern and southern ecotones in order to determine the effect of the different controlling factors that were responsible for the various land-atmosphere interactions in these regions. The northern and the southern study areas (NSA and SSA) were 500 km apart. The NSA was located 98ø30'W, 56ø00'N and the SSA was located 104ø45'W and 53ø45'N. There were a total of 10 towers that measure fluxes of water, energy, and CO2 and other atmospheric and land surface variables such as surface skin temperature, air temperature, and relative humidity near the surface in the two areas. The towers were placed in areas of different vegetation type such as black spruce, jack pine, and aspen, which reflect the surface type of the area surrounding the tower. The observations at these towers began in December 1993 and ended in TOVS data product) and the GEOS-GCM grid point surface pressure. The surface vapor pressure for the field observations at FIFE, HAPEX-Sahel, and BOREAS was computed using the observed relative humidity, surface air temperature and/or wet bulb temperatures. Comparisons of the field observations and the TOVS retrievals were performed for four individual times a day in periods when NOAA 11 data existed to supplement either NOAA 10 or NOAA 12. Mean monthly diurnal curves (i.e. a diurnal cycle based on half-hourly observations for a month) were constructed using the field observations, and the TOVS data were superimposed on these curves for each of the 4 times of the day (averaged over the month) for which observations were available.
Results
Examples of global fields of surface skin temperature, surface air temperature, and surface specific humidity for a single day for the NOAA 10 morning and afternoon overpasses, respectively (Table 2 ). 
Seasonal Cycle
In the case of BOREAS, there are three years of observed data and one can construct seasonal cycles for the ground and the satellite data. Figure 12 shows a comparison of how the satellite and the ground observations of monthly maximum, monthly minimum, and mean surface skin temperatures agree with each other. The satellite retrievals are lower than the ground observations (using the IRT) for the monthly minimum temperature and higher than the ground observations for the monthly maximum surface skin temperatures. These maximum, minimum, and mean surface skin temperatures represent the dynamic range and characteristic for the whole BOREAS region (data from all the 10 stations pooled together) and for all satellite overpasses (all satellites, morning and afternoon overpasses pooled together). The monthly mean values for the ground observations have been calculated using the 15 min observations at the towers (96 daily observations) and the 4 times of day overpass of the NOAA satellites for the TOVS. The satellite retrievals capture the range in surface skin temperatures which is close to 50øC. The differences between the satellite and the ground observations of the surface skin temperatures are less than 5øC in the maximum and minimum monthly surface skin temperatures and less than 2øC in the mean monthly surface skin temperatures (Table 5) Tables 2, 3 , and 4. This is an expected reduction due to temporal averaging. This result holds significance for the use of TOVS data for climatological and ecological studies which need long-term data sets to monitor vegetation dynamics in response to the surface meteorology.
Discussion and Conclusions
The aim of this paper has not been to assume that the ground observations are perfect and characterize an "error" in the satellite retrievals. Since satellite sensors and ground-based sensors have different measurement basis, they cannot be directly compared to characterize "errors" in the satellite data. Instead, the statistics of comparisons between the ground-based Lakshmi and Susskind [1998] compared TOVS-retrieved monthly vapor pressure and air temperature with station observations from four different regions (Abilene, Texas, National Airport, Virginia, Cita and Minsk in the former Soviet Union) across the world. They found a bias of -0.8 to 0.15 K for the monthly air temperature and -1.0-0.6 mbar for these four regions. The slope and coefficient of correlation were close to unity. The standard deviation of the differences between 1.1 and 2.4 K for air temperature and 1.0 and 2.0 mbar for vapor pressure. The better agreement in this case is due to the use of monthly data which removes the day-to-day variability and hence reduces the difference between the satellite retrievals and ground observations. The results of this study are parallel to the study by Prince et al. [1998] where the authors estimated differences of the order of 3.5øC for surface skin temperature, 3.9øC for air temperature and 10.9 mbar for vapor pressure deficit. Their study focused on the same three field campaigns (FIFE, HAPEXSahel, and BOREAS) for the ground-based observations and the AVHRR as the source of satellite data. Sugita and Brutsaert [1993] found that the correlation coefficient was 0.96 and 0.92 and the root mean square error was 2.2 and 3.3 K for the NOAA 9 and NOAA 10 satellite-retrieved potential surface temperatures compared to FIFE data for 1987. The values for surface air temperature comparisons for BOREAS (as seen in Table 3) This paper reports the comparison results of the TOVSretrieved land surface variables for a wide range of land surface conditions. We hope that this will provide the scientific community with the proper interpretation of the data in regard to its agreement with field measurements. The data can be used for validation, calibration, and assimilation in land surface hydrological models and long-term climatological and ecological studies. In the future, improved satellite sensors will be able to achieve greater precision, better spatial resolution, and greater temporal sampling (with the availability of multiple satellites).
